We report effective pulse compression under conditions of giant-pulse generation in a synchronously pumped parametric oscillator pumped by the second-harmonic radiation of an actively-passively mode-locked Nd:YAG laser with passive negative feedback. A minimum pulse duration of 0.39 ps is achieved. The output radiation can be tuned from 0.614 to 4.16 ,um. We demonstrate experimentally effective pulse compression in synchronously pumped mode-locked optical parametric oscillators (OPO's). The particular conditions are those as defined for a "giant pulse" by Gaizauskas et al. 1 2 in which the intensity of the signal and idler is sufficient for effective energy exchanges between interacting waves in the presence of large group-velocity mismatch. The pump radiation is provided by the second harmonic of an actively-passively mode-locked Nd:YAG laser (Continuum Model PY-61C-10). Subsequent amplification of single pulses was achieved in a KTP crystal optical parametric amplifier (OPA).
We demonstrate experimentally effective pulse compression in synchronously pumped mode-locked optical parametric oscillators (OPO's). The particular conditions are those as defined for a "giant pulse" by Gaizauskas et al. 1 2 in which the intensity of the signal and idler is sufficient for effective energy exchanges between interacting waves in the presence of large group-velocity mismatch. The pump radiation is provided by the second harmonic of an actively-passively mode-locked Nd:YAG laser (Continuum Model PY-61C-10). Subsequent amplification of single pulses was achieved in a KTP crystal optical parametric amplifier (OPA).
The pump laser is mode locked and Q switched by a combination of a dye cell and an acousto-optic modulator. The pulse train is stretched and stabilized by passive negative feedback 3 implemented by insertion of a 1-mm-thick GaAs plate at the Brewster angle and of a small aperture between the laser rod and the acousto-optic modulator. The result is a stabilized and stretched-out (to 600 ns FWHM, or 80 pulses) train with a total energy of 4.7 mJ at a repetition rate of 10 Hz. The minimum pulse duration of 9.5 ps is achieved after initial transients consisting of 7-10 round trips in the laser cavity. The pulse duration starts to increase after 200 ns, to reach 14 (±1) ps toward the end of the train. Second-harmonic radiation for pumping the OPO was generated in a 6-mmlong KTP crystal, 4 with an efficiency of 25%.
A slightly modified pump configuration with lower output energy (0.3 mJ) was used with single-pulse extraction to pump an OPA. The single pulse selected from the train was amplified to an energy of 25 mJ. The amplified single pump pulse has a duration of 11 ps. The second-harmonic radiation used to pump the OPA was generated in a 2.5-cm-long DKDP crystal with an efficiency of 30% (at a pump energy of 7 mJ).
Two options are available for parametric generation with such a source: either direct pumping of a crystal' without a cavity (parametric superfluorescence) or insertion of the crystal into a resonant cavity. We chose the synchronously pumped OPO over the superfluorescent oscillators because of its significantly lower generation threshold and the higher degree of coherence. Furthermore, effective pulse compression is possible by operating the mode-locked OPO in the nonlinear regime-a mode of operation often referred to as "giant-pulse" generation." 2 This mechanism of pulse compression, first mentioned in Ref. 6 , results from successive energy transfers between pulse and signal in presence of a large velocity mismatch between pump and signal (idler) pulses. The pump-pulse energy is first transferred to the intracavity signal on its leading edge and thereafter returned from the signal trailing edge to the pump. Most investigations of synchronously pumped OPO's are made in the linear regime, with at most a factorof-4 pulse compression.', 8 An exception to this trend is described in a reports of 10-fold compression obtained at the expense of a reduction in generation efficiency and a low output stability.
The OPO cavity is chosen to be resonant for the idler wave, a condition that ensures better pulse compression during parametric interaction, with an angle of 2-3 deg between pump and idler. Noncollinear interaction permits easy insertion of the pump beam into the cavity without the need for dispersive elements, leading to an extended tuning range through the use of metallic mirrors. The angle is small enough to ensure beam overlap in the short interaction region. There is no walk-off between pump and resonated idler, because both have the same ordinary polarization. The walk-off of the nonresonated signal can introduce a small linear loss, which is beneficial to the stabilization of giant-pulse operation. 2 Flat cavity mirrors are used when a pump power in excess of 1 mJ is available. For the pump configuration with single-pulse extraction providing only 0.15 mJ of power for the OPA, spheri-cal mirrors (37.5-cm radius of curvature) are used to ensure small spot size in the KTP crystal. All cavity mirrors are aluminum coated, except the output mirror, which has a reflectivity ranging from 20% to 80% between 1.1 and 3 Am. Linear and ring configurations were tested, with the pump radiation being focused by 1-and 0.25-m focal-distance lenses, respectively. The pump intensity inside the crystal reaches approximately 1 GW/cm 2 . A 14-mm KTP crystal cut at 0 = 540 and 0 = 0° (o-eo interaction) was used. Selection of the KTP crystal was determined by the possibility of achieving giant-pulse generation with linear losses for one of the interacting waves (signal). The energy losses result from group-velocity mismatch between signal and idler waves (leading to a pulse separation of 3.5 ± 1 ps/cm in the wavelength region of 0.63 to 3.5 Am). During parametric interaction the signal pulse propagates more slowly and therefore slips behind the interaction region.
With the linear cavity OPO the parametric generation threshold is achieved at a pump intensity of 0.25 GW/cm 2 (idler wavelength 1.2 Am). The conversion efficiency saturates through pump regeneration for a pump energy threshold 3.5 times above threshold. The pump is depleted by 40% over the pulse train. The overall generation efficiency is limited to 12% by linear (Fresnel) and nonlinear (regeneration of the pump) losses. Consistent with OPO operation in strong nonlinear interaction, the pump depletion increases along the train, to reach a maximum of 50%. The OPO output energy (curve 1), its second harmonic (curve 2), and the pulse duration averaged over the whole train (curve 3) are plotted as a function of cavity detuning in Fig. 1 . The OPO is pumped three times above threshold. The zero-detuning reference corresponds to the OPO cavity's being equal to that of the pump laser. With the long interaction length (14 mm) in the crystal, the pulse duration is limited to 1 ps by the parametric gain bandwidth of the crystal. The duration of the output pulse is seen to decrease from 4 to 1.1 ps with a cavitylength increment of 0.2 mm. The cavity-length increase is needed to compensate for the group velocity of the idler being larger than that of the pump. At the optimum cavity length detuning, the idler sweeps through the pump pulse at each round trip. Figure 2 (curve 1) shows that, at the cavity-length detuning corresponding to optimum compression, the pulse duration is uniform along the train, except for small changes in pulse duration at the beginning and the end of the train. In the condition of optimum pulse compression the OPO output energy still amounts to more than 90% of maximum output energy. The energy fluctuations do not exceed 3%. A more complex pulse evolution is observed as the cavity length is reduced (Fig. 2 , curves 2 and 3: cavity-length detuning L = 0.16 and L = 0.11 mm, respectively) from the condition of optimum compression. The compression is stopped after 15-20 round trips (the pulse duration increases to 6 ps). At consecutive round trips the idler enters the crystal, overlapping the peak of the pump, rather than sweeping from trailing edge to leading edge of the pump as in the case of optimum detuning. The cavity length for maximum output energy and shortest pulse generation increases with pump energy. This trend is consistent with an increase of the idler velocity as the gain is increased. The outputpulse duration of 2.5 ps observed near threshold (linear regime) decreases to reach a minimum for a pump energy twice above threshold. Autocorrelations and spectra at various pump levels in conditions of optimal pulse compression (Figs. 3a-3c) show the appearance of satellites to the main pulse, largest at the highest pump power. A pump power a factor of 2 above threshold provides the best autocorrelation contrast (minimum satellite) with the shortest pulse duration. The presence of satellites was predicted in earlier theoretical works (see, for instance, Refs. 1, 2, and 9). We do not observe any satellite in the linear regime, i.e., with pump powers of 20% or less above threshold, consistent with the results of other investigators who used pump powers in that range. 7 ' 8 The satellite is basically due to pulse split- Pulse position in train, ns ting in the transition from linear to nonlinear regimes and to the departure from the optimum phase relationship on the trailing edge of the idler pulse. The contrast is higher for the first few pulses, but this part of the output is not particularly useful because of the pump-pulse fluctuations in the first 50 ns of pump train (transient of passive negative feedback). The idler is an order of magnitude shorter than the pump. Compared to the other waves, it can be approximated by a 3 function, and the pump by a continuous signal. The generation of the signal (not resonated) starts as the idler enters the crystal and continues for the transit time of the idler through the crystal. To a first approximation the signal pulse should thus appear as a square pulse. The autocorrelations of the signal pulse indeed show the expected triangular shape with a duration of 5.2 ps. The duration rT of the signal pulse depends on the crystal length and the group-velocity mismatch between idler and signal pulses, r, l-1lv -1/v5I, where vi, 8 are idler and signal pulse group velocities and range from 5 to 5.6 ps in our case.
As we mentioned above, the generation of shorter pulses is limited by the crystal length (spectral bandwidth of the parametric gain). We reconfigured the cavity into a ring with tighter focusing into the 14-mm crystal, which, with the noncollinear geometry, reduced the effective crystal length to 4 mm. At twice the pump threshold energy the idler pulse autocorrelation width is 0.6 ps (Fig. 3d) , which corresponds to Gaussian pulse of 0.43 ps or a sech 2 pulse of 0.39 ps. The optimum ring cavity detuning for the shortest pulse generation was 0.105 mm, in good agreement with the detuning of 0.21 ± 0.01 mm for the linear cavity at the same pump level. A continuous (except for a small region near degeneracy) tuning range extending from 0.614 to 4.16 ,m was achieved with the ring cavity, with a gradual fourfold increase of the threshold as the idler wavelength was tuned from 1.25 to 4.16 pum; a corresponding decrease of the efficiency from 12% to 1% occurred. The pulse-duration measurement did not show any change in the wavelength range that could be reached by our autocorrelator (1.25 to 1.8 ,um), provided that the ratio of pump to threshold energy was kept constant. The dispersion characteristics of KTP permit giant-pulse generation up to a wavelength of 3.5 ,ctm. The tuning range of the linear cavity OPO was limited to the 0.67-2.6 Am range by the higher energy-generation threshold.
We constructed a noncollinear OPA, using a second 14-mm KTP crystal identical to that of the oscillator. At a pump energy of 1.5 mJ the idler pulse energy reaches 0.170 mJ, corresponding to a peak power of 250 MW at a pulse duration of 0.68 ps (assuming a sech 2 shape).
We have demonstrated a factor-of-20 pulse compression during parametric interaction under giantpulse conditions, which, to our knowledge, is the highest ratio achieved in parametric interaction. The stability and the short pulse duration of the actively-passively mode-locked Nd:YAG laser with a passive negative feedback pump source are key elements in the achievement of stable parametric downconversion from 1 to 4 Am.
